inviting the hypothesis that passage through a finch-like ancestor resulted in SWS2 51 evolution. In fact, we show spectral tuning remained similar across warblers as well as 52 the finch ancestor. Results reject the hypothesis of historical contingency based on opsin 53 spectral tuning, but point to evolution of other aspects of visual pigment function. Using 54 the approach outlined here, historical contingency becomes a generally testable theory in 55 systems where genotype and phenotype can be connected. 56
plumage colors and diversity. Our goal is to ask if divergence in the visual system could 84 contribute to the evolution of very different plumage colors in the two groups (Fig. 1) . 85
86
We illustrate the general framework behind this study in Figure 2 , where we 87 consider parallelism, convergence and historical contingency as alternative evolutionary 88 outcomes when ancestral forms come to occupy similar environments. Jablonski (in 89
Pearce 2012) defines parallelism to be evolution of the same trait from the same ancestral 90 form ( Fig. 2a) and convergence the evolution of the same trait from different ancestral 91 forms. However, unlike parallelism, convergence is often studied when an ancestral trait 92 is retained in one lineage but lost and then regained in another (Fig. 2b ). Parallelism and 93 convergence are distinguished because parallelism is taken to emphasize that a limited set 94 of genetic/developmental variants channel directions of evolution, whereas convergent 95 evolution more strongly implicates a role for selection in directing evolutionary 96 trajectories (Pearce 2012) . Similar principles regarding the guiding roles of selection and 97 development can be applied to contingency (Losos 2010) . In this case, ancestral 98 differences lead to different solutions in response to similar selection pressures, rather 99 than converging to the same phenotype (Fig. 2c ). As differences between ancestors 100 accumulate, we expect parallelism to become increasingly less common compared to 101 convergence (Conte et al. 2012 ; Fig. 2 ) and a greater role for contingency in limiting the 102 extent of convergence or even promoting divergence (Gould 2002; Ord 2012) . 103 104 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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Why is it that New World warblers did not re-evolve dull plumages as this finch-like 151 ancestor moved back into forest environments? While ancestral differences in features of 152 the plumages themselves may contribute to the color differences between the New and 153
Old World warblers (Price et al. 2000 ), here we focus on possible effects resulting from 154 the evolution of the visual pigments. Many sexual selection models predict a role for 155 visual perception in the evolution of colorful animal signals such as plumage. This idea is 156 embodied in models for the evolution of mate choice, such as runaway sexual selection, 157 the good genes and other models where a trait carries information on male quality, and in 158 sensory drive models, where perception evolves in response to the environment 159 (Andersson 1994; Boughman 2002; Horth 2007) . As an important component of color 160 perception, visual pigments could be at the basis of contingency in the evolution of 161 animal signals such as plumage colors. 162
We surveyed the complete sequences of the four cone opsin genes across 22 163 species of New and Old World warblers. We focus on SWS2 evolution as it differs 164 substantially both within and between the New World and Old World warblers while the 165 other opsins are more conserved (Bloch 2014) . Because evolution of SWS1 has been 166 shown to be correlated with that of SWS2 (Hart and Hunt 2007) , we study the evolution 167 of this pigment as well. We investigated the evolution of the two short-wavelength 168 sensitive visual pigments to address the following hypotheses: 169
(1) The null hypothesis: Despite sequence evolution, SWS2 spectral tuning (λ max ) has 170 remained unchanged during the course of evolution of the New World warblers and Old 171
World warblers from their common ancestor. 172
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MATERIALS AND METHODS

182
We sequenced the complete SWS2 opsin genes in both warbler clades and some 183 outgroups, estimated ancestral states of SWS2 opsin gene sequences and finally, 184 regenerated and measured the spectral sensitivity of warbler and ancestral SWS2 185 pigments. We combined our results with published measurements of SWS2 λ max to test 186 for an association of SWS2 spectral sensitivity with the light environment. We also 187 studied the warbler's SWS1 opsin genes and spectral sensitivity. 188
For the New World warblers, we consider species belonging to 6 out of the 14 189 genera (Cardellina, Geothlypis, Mniotilta, Oreothlypis, Seiurus, Setophaga) and follow 190 previously established phylogenetic relationships for these species (Lovette et al. 2010 ends; SMART RACE system -BD Clontech). We used degenerate primers, designed 207 based on available bird opsin sequences in Genbank, to amplify small coding sequence 208 fragments. The resulting short fragments were used to develop 5' and 3' outward primers 209 to use in RACE-PCR to obtain full-length opsin coding sequences. We then used the 210 resulting full-length sequences for these 5 New World warbler species to design nested 211 pairs of primers located in conserved regions of the 5' and 3' gene ends and/or UTRs of 212 each opsin gene (see Table S1 for primer sequences). For all warblers, including the 213 species used for the initial RACE-PCR, cDNA was synthesized from total RNA extracted 214 from retinas for each individual using oligo-dT primers (with Qiagen's Omniscript RT 215 kit), and used to amplify the full coding sequences in conjunction with the nested primers 216
we designed (Table S1 ). For all New World warblers and, when possible, Old World 217 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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Ancestral reconstructions 220
We used available complete SWS2 opsin sequences from Genbank (SWS2 for canary, 221
Serinus canaria -AJ277923, zebra finch, Taeniopygia guttata -AF222332, and chicken, 222
Gallus gallus -NM205517) as well as our own outgroups (White-throated sparrow, 223 we performed ancestral reconstructions using nucleotide, amino acid and codon-based 235 models and, where applicable, used likelihood ratio tests to choose the best fitting models 236 for each type (Chang et al. 2002) . We compared the sequences reconstructed under each 237 model to check for the robustness of the ancestral states of all nodes and used posterior 238 probabilities to determine the most likely protein sequence at each node (Chang et al. 239 2002) . 240 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
In vitro regeneration of visual pigments and spectral analyses 241
From the opsin sequence data, we identified all variants with at least one non-242 synonymous substitution as candidates for shifts in In order to assess reliability, some pigments were expressed a second time (see Table  275 1, 5 th column). Standard errors between replicates were comparable to within replicate 276
measurements. 277
Site-directed mutagenesis 278
The inferred ancestral sequence to the Old World warblers and the finches is not present 279 in any of the extant species. We thus synthesized SWS2 pigments of these ancestors 280 using site-directed-mutagenesis following QuikChange (Stratagene) protocols and using 281
PrimerX software (http://www.bioinformatics.org/primerx/index.htm) to design 282 mutagenesis primers. To recreate the Old World warbler ancestor's sequence we used 283
Phylloscopus reguloides as template, as it only has one substitution relative to the 284 inferred ancestral sequence. We designed 100% complementary mutagenesis primers to 285 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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Geothlypis trichas (forward primer GTTCCTGCTGGTGGTGCTGGGCGTGC, reverse 290 primer GCACGCCCAGCACCACCAGCAGGAAC). Mutagenesis was performed in the 291 TOPO vector (Invitrogen) following cycling conditions provided in the QuikChange 292 protocol (Stratagene). To express these ancestral pigments in vitro and measure their 293 spectral sensitivity we proceeded as described above for the naturally occurring SWS2 294
variants. 295
Visual pigment molecular evolution 296
We used codon-based site models as implemented in PAML to identify sites evolving To test for an association between SWS2 spectral tuning and habitat we combined our 313 data for New World and Old World warblers with all species whose SWS2 λ max has been 314 measured so far. This added 12 passerine species, 5 of which are finches, and 11 non-315 passerines (Table S2 ). Among these additional species, all but the zebra finch (Yokoyama 316 et al. 2000) have been studied using microspectrophotometry (MSP) on retinas 317 (Bowmaker et al. 1997 ), which does not require opsin genes to be sequenced, but
estimates are less precise than the in vitro expression we use here. We classified habitat 319 into three easily quantified categories, as these have been shown to follow an important 320 axis of light quality variation in forests (Endler 1993 ; sources are in Table S2 ). We 321 treated SWS2 λ max as a continuous dependent variable and assessed associations with 322 habitat scored on a 3 point scale: 1) "Forest understory" for species that spend significant 323 portion of time foraging on the ground or undergrowth and 2) "Arboreal" for species 324 foraging in the forest higher than 1m (Lovette and Hochachka 2006 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/013573 doi: bioRxiv preprint first posted online Jan. 9, 2015; aurocapilla), 10 are arboreal, and four fall in the open habitat category (Table S2) . We 332 classified all the Old World warblers we studied as arboreal (Price et 2014)). Phylogenetic least squares regression is identical to the commonly 342 used independent contrasts model, except that it allows for an adjustment in branch 343 lengths to optimize the Brownian motion assumption. Because the independent variable 344 (habitat) is categorical and not numeric, we assessed significance of associations using 345 ANOVA. We constructed the ANOVA model by adding two dummy columns as 346 independent variables, which contrasted the (1) first two categories against the third, and 347 (2) the first category against the other two. We then subjected the P value to the ordered 348 ANOVA test (Rice and Gaines 1994) . 349
RESULTS
350
Molecular evolution 351
A total of 11 amino acid sites vary in the SWS2 genes of New World and Old World 352 warblers (Figs. 3, S1 ). Three amino acid sites vary within the New World warblers and 353 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/013573 doi: bioRxiv preprint first posted online Jan. reversed from glycine in the ancestor of sparrows back to serine in the branch leading to 360 the Geothlypis/ Oreothlypis clade in the New World warblers (Fig. S2) . Using maximum 361
likelihood site-models in PAML, we identified two sites as having evolved under positive 362 selection within New World warblers and two within the Old World warblers (Fig. 3,  363 Tables 1, S3). Site 99, which underwent different substitutions in each clade, is inferred 364 to have evolved under positive selection in both clades (Fig. 3, Tables 1, S3) . 365
All ancestral reconstruction models were mostly in agreement except for one 366 minor difference identified below. Model comparisons to determine the best fitting 367 nucleotide, codon and amino acid models are summarized in Table S4 ; in Figure 4 we 368 show the sequence in which substitutions accumulated at all nodes. We infer the last 369 common ancestor to the New World and Old World warblers to have had the same amino 370 acid sequence as the Old World warbler ancestor (all posterior probabilities > 0.94 except 371 for S269 = 0.775; see Fig. S2 ). In fact, the chicken (a distant non-passerine) has the same 372 amino acids at these 6 sites as the Old World warbler ancestor. This implies that the 6 373 SWS2 amino acid differences between the New World and Old World warblers were all 374 substituted along the lineage leading to the New World warblers. Four substitutions 375 (I48V, T151S, A269S, V304I) accumulated early in the history of divergence, before 376
finches (Fringillidae and Estrildidae) split from the New World warblers. Two 377 substitutions (S217G, V49L) occurred along the branch from the finch ancestor to the 378 New World warbler ancestor. There is a minor disagreement among reconstruction 379 models for substitution S217G. Codon and nucleotide models concurred that this 380 substitution happened on the branch shown on Fig. 4 and Fig. S2 , but amino acid based 381 models inferred it occurred along the same branch as V49L. 382
Spectral tuning 383
We found that, despite having 6 inferred amino acid differences, the ancestors of the two 384 sequence differences. Such similarity may reflect either inheritance through the common 392 ancestor or convergence following a shift in spectral tuning in the finch ancestor. To test 393 for these alternatives, we used site-directed mutagenesis to reconstruct the finch 394 ancestor's SWS2 and found it has a λ max = 445.7nm ± 0.2 (Table 1) , extremely similar to 395 the warbler ancestors. The short-wavelength shifts in finches evidently accumulated after 396 they diverged from the warbler lineage, and the similarity within the warbler clades 397 appears to be a consequence of shared ancestry, not convergence. 398
SWS1 evolution 399
We showed above that SWS2 λ max is very similar among warblers. Hart and Hunt (2007) Table S2 ). This 414 implies that SWS2 spectral tuning in Passerines varies beyond any co-evolutionary 415 process with SWS1. 416
Adaptive significance of SWS2 phenotypic variation 417
Across passerine species, SWS2 λ max is correlated with foraging habitat (Figure 7 ; 418 in an ordered ANOVA F 2,31 = 17.99, P <0.0001; phylogenetic control using phylogenetic 419 least squares regression P =0.0016; see Fig. S4 ). Species that forage in the forest 420 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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those in more open habitats, matching the spectral properties of the available light in 422 these habitats (Fig. 7B) . We added non-passerine species for which data is available (Hart 423 and Hunt 2007) in a model that included SWS1 λ max as a covariate (Table S2 ). The 424 association between SWS2 spectral tuning and the environment still holds on this larger 425 phylogenetic scale (phylogenetically corrected analysis, P<0.0001, with a significant 426 effect of SWS1 λ max P=0.016; non-passerines alone P= 0.001, SWS1 λ max P=0.013, for 427 details see Fig. S6 and Table S2 ). It is also worth highlighting that despite the small 428 differences in spectral tuning among New World warblers (2nm at the most), the one 429 species that inhabits the forest understory in our dataset (Seiurus aurocapilla) has the 430 most long wavelength shifted SWS2 λ max , in accord with the general association across 431 all species. Since most of the data we used from previous studies were obtained using 432 microspectrophotometry (MSP) we made sure that the contrast between techniques was 433 not driving the relationship we found. Using only MSP data, the relationship between 434 foraging habitat and SWS2 spectral tuning is still significant (Table S2 ; N = 11 species, P 435 = 0.0002 based on an ordered ANOVA; phylogenetic control, P = 0.001). 436
437
DISCUSSION 438
The New World warblers were derived from the Old World ancestor, apparently passing 439 through a finch or bunting-like ancestor in the process (Fig. 4) 
. Many finches and 440 buntings are colorful and dimorphic (Stoddard and Prum 2008). One possible reason is 441
that open country habitats favor visual cues (Crook 1964) . We considered that this should 442 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/013573 doi: bioRxiv preprint first posted online Jan. 9, 2015; not only affect the evolution of colors directly, but also that the visual system would 443 diverge as a consequence of passing through a finch-like ancestor. This is supported by a 444 correlation between habitat and SWS2 tuning among present-day species (Fig. 7, S4) . (Fig. 4) . Further, two of the 6 sites (residues 49 and 454 269) have been studied using site-directed mutagenesis and shown to cause spectral shifts 455 in SWS2 in the green anole and goldfish (Yokoyama 2003) , as well as LWS in human 456 (Asenjo et al. 1994 ) and bovine rhodopsin (Chan et al. 1992 ). However, we found that 457 SWS2 λ max is similar in the New World and Old World warblers as well as the 458 reconstructed ancestors to these clades. Combined with the general similarity across 459 clades in the tuning of the other opsins (Bloch 2014) this appears to rule out spectral 460 tuning differences as a contributing factor to the differences in plumage coloration of the 461 two groups. 462
Similarity across clades in SWS2 spectral tuning could be a result of shared 463 ancestry or evolutionary convergence. With respect to convergence, progression to a 464 finch-like form during the colonization of the New World, accompanied by the inferred 465 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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SWS2
λ max back to the longer wavelengths characteristic of the warblers. However, our 468 reconstruction of the ancestral opsins implies that this was not the case and λ max similarity 469 between the clades apparently results from inheritance through a common ancestor, not 470 convergence. Two major questions arise out of these results. First, given present day 471 finches have short-wavelength shifted SWS2 (Fig. 7) Variation matches not only light intensity, but can also be related to differences in the 486 spectral composition of light (Partridge and Cummings 1999; Seehausen et al. 2008) . 487 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
Correlates with terrestrial light environments have been much more difficult to 488 demonstrate than in aquatic environments (Lythgoe 1979 ). Here we found that across all 489 passerines, there is a highly significant association between SWS2 λ max and the inferred 490 light environment (Fig. 7) . Species in environments with less short-wavelength light have 491 relatively long-wavelength shifted SWS2 λ max . This relationship follows changes in the 492 spectrum of light in these habitats: in the lower strata of the forest, light is relatively rich 493 in mid to long wavelengths, because short wavelengths ("blue" and "UV") are filtered out 494 as light passes through trees, and in contrast, open habitats are relatively richer in short-495 wavelength light (Endler 1993; Gomez and Thery 2007) . The simplest explanation is that 496
λ max spectral tuning improves signal/noise ratio, which enables better contrast 497 detection (Lythgoe 1979) . 498
One caveat to this result is the difference in the methods used to measure SWS2 499 λ max between previous studies and our own. Except for the Zebra finch, all the SWS2 500 spectral tuning information apart from our study was measured by 501 microspectrophotometry (MSP), which is characterized by larger error than in vitro 502 measurements of heterologously expressed visual pigment λ max (Table S2) . However, for 503 most species and particularly the ones with extreme SWS2 λ max values, differences are 504 beyond the errors reported by the original studies (Table S2 ). An additional factor that 505 needs to be considered is the presence of oil droplets, which could affect photoreceptor 506 sensitivity. Oil droplets are found in the inner segments of cones, in the path of the light 507 before it hits the visual pigment containing outer segments (Goldsmith et al. 1984 ). These 508 droplets contain carotenoid pigments that filter short-wavelength light and thus, act as 509 long-pass cutoff filters that narrow the spectral sensitivity and can shift the λ max of the 510 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/013573 doi: bioRxiv preprint first posted online Jan. 9, 2015; photoreceptor that contains them (Goldsmith et al. 1984 ). Little information is available 511 on how oil droplet absorbance varies across species. We know that oil droplet pigment 512 content, and thus spectral properties, change across the retina (Knott et cut-off filters (Bowmaker et al. 1993 ). Independent of the properties of oil droplets, the 520 association between SWS2 spectral tuning and habitat suggests environmental pressures 521 are shaping the evolution of this visual pigment. 522
The short-wavelength shifted SWS2 pigments in modern finches raises the 523 question of why SWS2 λ max was not short-wavelength shifted in the inferred finch-like 524 ancestor. One reason may be that the habitat occupied by ancestral birds always favored 525 an SWS2 λ max around 446 nm. A second possibility is that opsin sequence evolution is 526 slow in response to changing light environments, requiring long waiting times for the 527 appropriate mutations to arise and be fixed. The probability of fixation of a new mutation 528 is very low when selection is weak (Haldane 1927) , implying many new mutations at the 529 same site are required before one becomes established. In this case, little evolutionary 530 change may have occurred in the finch transitional form before selection pressures again 531 favored the warbler phenotype over that of the finch. Moreover, the visual system shows 532 a great deal of plasticity, including neurological and physiological mechanisms, such as 533 according to molecular tests using PAML, at least some of the sites we have detected 540 have been subject to positive selection. Second, no substitutions at these positions 541 occurred throughout the long history up to the ancestor of the Old World warblers from 542 the non-passerine split; if the substitutions had no effect on phenotype this period of long 543 stasis is very unlikely. Third, parallel amino acid substitutions and reversals are present 544 within the warbler clades (Fig. 4) . 545
Assuming the fixed substitutions between the clades are adaptive, selection 546 pressures could relate to the small differences in tuning we found or to other opsin 547 functions. Theoretically, even small spectral shifts can affect color discrimination when 548 they co-occur with changes in pigment density in the cones (He and Shevell 1995) , an 549 entirely unexplored aspect of avian vision. Small differences in visual pigment sensitivity 550 are known to affect perception in humans (Mollon 1992 ). Variation of 3-5 nm caused by 551 a polymorphism at position 180 of human LWS has a significant impact on color 552 discrimination (Mollon 1992 ), causing differences large enough to lead subjects to score 553 differently in standardized color matching tests (Sanocki et al. 1994) . Whether the small 554 shifts we found among warblers affect color vision is not known. 555 
Contingency and convergence 578
Assessment of parallelism, convergence and contingency requires ancestral 579 reconstructions (Fig. 2) . Based on reconstruction of the finch ancestor, and assuming 580 other steps we have not reconstructed did not involve spectral shifts, the similarity in 581 spectral tuning in the Old World and New World warblers is a result of inheritance 582 through a common ancestor, and not convergence. One implication from this study, 583 deserving further investigation, is that finches and buntings appear to have evolved short 584 wavelength-shifted spectral tuning in parallel (Figs. 4, S4) . 585
Despite much research into the genetic basis of convergence over the last decade, 586 studies that actually demonstrate the ancestor was different than the derived form are rare 587 The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/013573 doi: bioRxiv preprint first posted online Jan. 9, 2015; evolution. Those features remain to be determined. When they are, it should be possible 602 to assess whether passage through a finch-like form resulted in divergence of the visual 603 system, with potential consequences for divergence in color. More generally, the two-step 604 assessment of contingency involves asking why ancestors differ and then how those 605 differences contribute to lasting differences between clades. Such methods should be 606 more generally applicable across a wide range of phenotypes, as we learn more about the 607 history of groups, and are able to relate genotype to phenotype. 608 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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